We discuss the possible existance of transverse optical plasma modes in superlattices consisting of Josephson coupled superconducting layers. These modes appear as resonances in the current-current correlation function, as opposed to the usual plasmons which are poles in the density-density c hannel. We consider both bilayer superlattices, and single layer lattices with a spread of interlayer Josephson couplings. We s h o w that our model is in quantitative agreement with the recent experimental observation by a n umber of groups of a peak at the Josephson plasma frequency in the optical conductivity o f L a 1:85 Sr 0:15 CuO 4 .
INTRODUCTION
In recent y ears interlayer Josephson plasmons have received considerable attention both theoretically and experimentally. So far this attention has been restricted to systems consisting of a stack o f identical 2-dimensional superconducting layers coupled by identical insulating barriers. In this paper we consider the more general problem of ordered and disordered superlattice structures. Regardless of the underlying microscopic model, in the superconducting state the low energy scale properties of a multilayer of Josephson coupled 2-dimensional superconducting layers is described by the Lawrence-Doniach model 1]. This model has been applied to the case of an ordered array of single superconducting layers, by Bulaevskii et al. 2] , who calculated the longitudinal dielectric function, and by T achiki et al. 3] , who studied the transverse dielectric function. Microscopically the interlayer Josephson resonances are a result of broken gauge symmetry in a superconductor with long range Coulomb i n teractions 4], and belong to a larger class of several types of collective modes in layered unconventional superconductors 5]. A l o w frequency Josephson plasmon 6] arises as a direct consequence of the electrodynamical properties of a BCS superconductor in the dirty limit 7, 8 , 9 ] . A di erent scenario has been discussed by Anderson, in which these modes occur as a direct consequence of the interlayer pairing mechanism for superconductivity in the high T c materials 10, 1 1 ] . In this spirit we attempt to set the stage for further experimental studies of layered superconductors, in particular materials with more than one superconducting layer per unit cell (e.g. 
RESULTS
To simplify the discussion we will only consider the charge dynamics fork ! 0, with the electric eld vector perpendicular to the CuO 2 planes, which i s the relevant limit for a discussion of the c-axis optical properties. A discussion of the dielectric tensor for general values of k was given by Bulaevskii for the superconducting state 2] and by one of us for the normal state 12]. Let us consider the relevant Hamiltonian of a stack of superconducting planes coupled through the Josephson e ect, each with a total area A, and with total thickness D of the crystal along the z direction. Each plane is characterized by a c harge per unit area m and a phase m , w h e r e m is the layer index. As we are only considering electrical elds perpendicular to the planes, the long-range Coulomb potential between each set of planes increases linearly with distance. The charge dynamics enters via the Josephson coupling J m between each set of nearest neighbor planes. The equations of motion for a general distribution of interlayer couplings, and general values of wavevectork were derived by Bulaevskii 2] . In the present paper we only considerk ! 0, relevant for optical experiments. The solution for general values ofk will be presented elsewhere 13]. The limit k ! 0 leads to a considerable simpli cation of the equations of motion, which in this case correspond exactly to an equivalent n e t work model where each set of two neighbouring layers can be represented 
where w m = d m =D is a weighting factor proportional to the distance between the layers. The total dielectric function is a sum over response functions of sets of two coupled planes for which w e obtain m = 1 1 ;
3. BILAYER SUPERCONDUCTORS L e t u s n o w consider a crystal which h a s t wo s uperconducting layers per unit cell. We denote the Josephson coupling constants as I and K, the distances between the planes as d I and d K , and the screened Josephson plasma frequencies as ! I and ! K . Using Eq. (3), and approximating the e ect of ionic and vibrational screening with a constant 1 , t h e dielectric function is
where we i n troduced ! 2 The chained curves were calculated assuming no normal-uid component i n t h e conduction, the solid curves were calculated assuming a parallel conductance of 2 S/cm. cies within the Reststrahlenband ! T < ! < ! K , and withẼ polarized along z can not propagate inside the crystal and are totally re ected at the interface. Such a re ectivity spectrum of the crystal-face perpendicular to the superconducting laye r s i s d i s p l a yed in Fig.  1 , along with the dispersion relation. We see, that a lifting of degeneracy between the two Josephson frequencies ! I and ! K should be easily recognizable in the re ectivity curve, even if the features in are blurred due to parallel conduction of quasi-particles. We n o w apply Eq. 1 to a stack of one superconducting layer per unit cell, but with a distribution of the interlayer coupling around a center value. As was the case for the ordered superlattices discussed above, the material is e ectively homogeneous vis a vis the optical response of a lightbeam re ecting on the ac-face of the crystal, as long as the length scale of variations of m is much smaller than the A peak in the optical conductivity w h i c h coincides with the longitudinal Josephson plasma has been reported by at least four di erent groups 6, 1 7 , 7 , 1 8 ], but has to our knowledge not been explained in a satisfactory way. In Fig. 2 we display both the experimental loss function and the conductivity for the region near the Josephson plasma frequency. These data were adopted from the paper by K i m et al.. So far we had the data of Gerrits et al. and Kim et al. at our disposal, and checked the validity o f our approach for all temperatures reported for these two sets of data. The agreement with the formalism outlined above i s v ery satisfactory at all temperatures. To demonstrate this result we display in the top panel of Fig. 2 the loss function at 10 K of Kim et al.. In the lower panel the optical conductivity i s displayed. Clearly both the loss function and peak at the same frequency of 48 cm ;1 . I f w e assume that the 'intrinsic' value of the c-axis conductivity is 1.8 S/cm in this case (dashed line in the lower panel), and assuming that there is a single value of ! J of 48 cm ;1 , w e obtain the dashed curve for the loss function in the top panel. The nite width in this case is due to the presence of a nite background conductivity, and is given by 2 = = 8 n = 1 . With n = 1 :8 S / c m a n d 1 22 we obtain c= = 2 10 cm ;1 . In other words: Experimentally the broadening of the plasmon-peak can not be explained as the usual lifetime e ect. If we n o w assume that in addition ! J has a Gaussian distribution, we obtain the solid and chained curves in Fig. 2 for the loss function and the conductivity using Eq. 4 with a FWHM of 11 and 17 cm ;1 respectively. Clearly the choice of FWHM which g i v es good agreement for the loss function, also explains the anomalous peak in the conductivity both qualitatively and quantitatively.
CONCLUSIONS
We discussed the possible existance of transverse optical Josephson plasmons in layered superconductors with 2 or more layers per unit cell. A related -but not similar-e ect e ect may h a ve already been observed in La 2;x Sr x CuO 4 due to variations in the interlayer Josephson frequency, possibly due to the random substitution of La with Sr. It should be possible to design and grow arti cial superconducting multilayers with optical properties taylored to speci c needs in the THz range. Because they provide an e ective c hannel for coupling electromagnetic radiation to the current perpendicular to the superconducting layers, transverse optical Josephson plasmons may become useful for the detection and emission of far-infrared radiation in the THz range.
